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Introduction 1 3 5 consistent with the 16S rRNA findings and suggest that isolation by distance is important for 1 3 6
Thermosipho spp. differentiation, as observed for other thermophiles (Mino et al. 2017) . Detection of genomic recombination between prokaryotic isolates can be used to assess recombination events between the lineages suggesting that they indeed correspond to three 1 4 0 distinct species (Supplementary materials Figure S2 ). These results were further supported by 1 4 1 pangenome analysis ( Figure 2C ). Each lineage contained species-specific genes that were at best 1 4 2 only very distantly related to genes in the other lineages. These genes mark the Thermosipho The genomic properties of each strain follow these species boundaries (Table 1; Figure 3A ). The T. affectus GS places them 1 5 0 among the smallest genomes found within the Thermotogae phylum ( Figure 3A ). Like in other 1 5 1 prokaryotic taxa, Thermotogae GS is negatively correlated with OGT, with thermophiles having 1 5 2 smaller genomes than mesophilic organisms (Sabath et al. 2013 ). However, within the results could explain the generally small Thermotogae genome sizes. A characteristic of small genomes is the presence of few paralogous genes. When regard to carbohydrate uptake and metabolism than the other two species and this could be at 1 9 2 least partly responsible for its wider ecological distribution. For the second category, COG H (coenzyme transport and metabolism), the large relative 1 9 4 abundance difference is due to T. affectus genomes lacking most (20 out of 22) genes needed for 1 9 5 corrinoid synthesis. Corrinoid synthesis is an essential part of de novo vitamin B 12 synthesis and 1 9 6 the lack of these genes suggests that T. affectus only rely on vitamin B12 precursor molecule 1 9 7 recovery (Supplementary materials Figure S3 ). In contrast, a complete set of corrinoid synthesis 1 9 8 genes is found in T. africanus and T. melanesiensis genomes, which are able to synthesize Figure S3 ). It is unclear how this 2 0 0 vitamin B 12 pathway difference affects Thermosipho spp. ecology, but the loss of part of this 2 0 1 system could be interpreted as a way to reduce metabolic costs under nutrient limited conditions. 2 0 2 1 1 GS in prokaryotes can be influenced by the presence of genomic islands, which often 2 0 3 encode IS elements or prophages (Hacker & Kaper 2000) . The T. africanus genomes have the 2 0 4 highest abundance of transposase genes, while the two other species have few or only disrupted 2 0 5 transposases ( Table 2) . Besides IS elements each isolate contains blocks of co-localized genes 2 0 6 unique for that genome (cluster size range: 4 -31 genes). Interestingly, several of these regions Supplementary materials Table S4 ). Recent reports have identified three temperate siphoviruses 2 1 0 in Thermotogae genomes, and together with the above findings, it becomes clear that prophages The remaining clusters are dominated by hypothetical proteins, CRISPR-cas genes or genes 2 1 3 involved in various types of cellular activities (Supplementary materials Table S4 ). These both other species, which partially explains the larger GS of this lineage. The Thermosipho spp. immune systems 2 1 8
The mobile element differences among Thermosipho spp. suggest dissimilarities between The function of CRISPR-cas genes is to recognize and degrade mobile elements using Figure S4 ). Considering CRISPR-cas genes, most are found in The RM system utilizes genome methylation and restriction enzymes to identify and 2 3 7 attack foreign DNA. T. affectus genomes lack restriction enzymes, suggesting the absence of a 2 3 8 functional RM system ( Figure 4B ). Pacbio sequencing of two T. affectus isolates (BI1063 / 2 3 9 BI1070) indicated absence of genome methylation. In contrast, a methylated genome was 2 4 0 detected in T. melanesiensis BI431 together with type I, II and III restriction enzymes and DNA these genomes are methylated, since Pacbio sequencing was not performed. The above analysis shows differences in foreign-DNA defenses between three 2 4 5 Thermosipho species. Since each defense system can impose different fitness cost on the host phage predation pressure. For instance, when phage diversity is high, a non-specific defense 2 4 8 system like the RM system might give a selective advantage despite increased fitness costs due to Here we described three clearly separated species-level genomic lineages within the genus 2 7 4 Thermosipho: T. affectus, T. africanus and T. melanesiensis. Recombination detection showed 2 7 5 very little interspecies but high intraspecies gene flow. This finding was supported by differences 2 7 6 in GS, RIRS, %GC, and the presence of large species-specific gene sets, reflecting the metabolic 2 7 7 differences between species. The species-specific genes sets probably influence distribution frequently interacted with mobile DNA such as phages and transposons that were identified in 2 8 0 several genomes. The differences in abundance of mobile elements among the three species are 2 8 1 likely caused by immune system differences. Interestingly, the nature of the immune system 2 8 2 could play a large role in genome maintenance and ecological adaptation, by differential 2 8 3 limitation of genomic recombination via HGT. Taken together, our results suggests that genomic 2 8 4 and phenotypic differences between the three Thermosipho species can be interpreted as the 2 8 5 combinatorial result between genome streamlining and immune system composition. DNA extraction and genome sequencing.
Thirteen Thermosipho strains were cultured in a modified Ravot medium as previously described Strain Ob7 was sequenced at University of Alberta, Canada, using an Iontorrent (Thermo Fisher Scientific, Waltham, MA, USA) approach. DNA was enzymatically sheared using the Ion Four isolates (Thermosipho sp. 430, 431, 1063 (Thermosipho sp. 430, 431, , 1070 were selected for long read 3 0 4 sequencing with the goal to complete the genomes and assess methylation status of the DNA. filtering and error-correction were performed using version 2.1 of the Pacbio smrtportal 3 1 2 (http://www.pacb.com/devnet/). Assembly and base modification detection were performed using 3 1 3 the RS_HGAP_Assembly.2 and RS_Modification_and_Motif_analysis protocols. Overlapping regions between contigs were manually detected using a combination of read contigs. This approach resulted in closed chromosomal sequences. For strain 430, we generated a combined assembly using high quality illumina MiSeq The remaining contigs were checked in IGV for miss-assemblies using mapped MiSeq and 3 2 7
Pacbio reads and if detected contigs were discarded. Finally the contigs were checked for 3 2 8 unambiguously overlapping ends as described above and if detected the contigs were combined. The T. africanus Ob7 genome was assembled using NEWBLER v. 2.6 (Margulies et al. (Table 1) . Genome assemblies were compared using 3 3 2 REAPR (v1.0.16) and the most optimal assembly for each strain was selected for genome Full-length 16S rRNA sequences were manually extracted from the annotated 3 3 7
Thermosipho genome assemblies generated in this study as well as publically available genomes. The %GC of the three positions in each codon of all genes was using the software BLASTn analysis in BRIG with the following settings: max_target_seqs: 1; max e-value cut-off: Sequence similarity cut-off (SC) was set at 70 % to identify core-genome segments and SNP's. We used the standard settings with Panseq except: percent sequence identity cut-off set to 70%, excluded, due to high sequence similarity) were aligned with progressiveMauve (Mauve (v. The IMG/ER Pairwise ANI calculation was used to determine the number of shared genes 3 9 2 between each genome separately (Markowitz et al. 2009 ). The method uses pairwise bidirectional 3 9 3 best nSimScan hits where similar genes share a minimum of 70% sequence identity with 70% 3 9 4 coverage of the smaller gene. For each genome we calculated the fraction of shared genes with all 3 9 5 other genomes. Unique genes per genome were determined using the IMG Phylogenetic profiler 3 9 6 tool for single genes, where each genome was analyzed for the presence of genes without any homologs in all other 14 genomes. The settings were: minimum e-value of 1.0 -5 ; min percent 3 9 8 identity: 70%; pseudogenes were excluded; the algorithm was present/absent homologs. The hits to COG database sequences were retained when the alignment was >= 70% of the length of 4 0 8 the longest protein sequence and were used to build a protein COG classification table. The COG 4 0 9
IDs were summarized by classifying them to any of the available COG categories 4 1 0 (ftp://ftp.ncbi.nih.gov/pub/wolf/COGs/COG0303/cogs.csv). For the COG analysis of the species-4 1 1 specific genes, we used the results from the IMG phylogenetic profiler tool to identify cluster 4 1 2 specific genes. The COG classification table was screened for cluster specific genes and 4 1 3 summarized into COG categories. Next, we searched for paralogous genes by examining how 4 1 4 many orthologous genes, classified as COGs, were assigned per COG. This identified COGs only 4 1 5 present once or multiple times in the genomes, and those results were summarized. In order to statistically compare species differences of COG categories we normalized was used to identify COG categories that were significantly different between the three species We compared the predicted Thermosipho spp. protein sequences to the reference database using 4 2 7 the following BLAST cut-offs: E-value: 1.0 -5 , Percentage identity: 70%, percentage coverage: 50%, and a maximum of 100 hits were returned. To determine which genes were putatively 4 2 9 acquired by any of the strains we set the HGTector self group to the genus Thermosipho (NCBI 4 3 0 2 1 taxonomy ID: 2420) and the close group to either the family Fervidobacteriaceae (NCBI 4 3 1 taxonomy ID: 1643950), or the order Thermotogales (NCBI taxonomy ID: 2419). HGTector then 4 3 2 analyzes the blast output from each protein for hits matching taxa belonging to either the self or 4 3 3 close groups, or more distantly related taxa, which is used to determine which genes have likely 4 3 4 been acquired from taxa more distantly related than the close group. When the close group was 4 3 5 set to Fervidobacteriaceae, we identified putative HGT genes specific for Thermosipo sp. but not derived from other families within the Thermotogales order or beyond. Crispr-spacer analysis. the inflation set to 1.4 and max iterations set to 100 (Enright et al. 2002) . In order to search for matching sequences within the genome but outside the CRISPR 4 5 9
arrays, e.g target genes, we masked all CRISPR arrays using maskfeat (EMBOSS v. 6.5.7 (Rice The genes involved in the Vitamine B 12 metabolism are found in four different gene Thermosipho genomes using tBLASTn with a maximum e-value 1.0 -20 . All genomes were deposited in the Genbank database and their accession numbers are 4 7 8 found in Table 1 . In addition all genomes were deposited in the IMG databases and are linked to Subsystems Technology (RAST). Nucleic Acids Res. 42:D206-D214. doi: 10.1093/nar/gkt1226. processing and web-based tools. Nucleic Acids Res. 41:D590-6. doi: 10.1093/nar/gks1219. Roberts RJ, Vincze T, Posfai J, Macelis D. 2010. REBASE--a database for DNA restriction and 5 9 2 modification: enzymes, genes and genomes. Nucleic Acids Res. 38:D234-6. doi: Sabath N, Ferrada E, Barve A, Wagner A. 2013. Growth temperature and genome size in bacteria 5 9 5 are negatively correlated, suggesting genomic streamlining during thermal adaptation. Genome 5 9 6
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